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SUMMARY 

The  relationships  between  several  empirical  and  theoretical  methods 
for  determining  the  unconfined  compressive  strength  of  polar  snow  from 
depth-density  and  temperature  profiles  are  discussed  and  graphically 
compared.  Two  unconfined  compressive  strength  equations  are  proposed 
for  snow  at  -IOC: 

<rc  =  1719  (y  -  0.  422) 

and 


o =  968  -  664oy  ♦  lio^Qy*  *  7255y’. 


These  equations  apply  to  snow  densities  from  0.  50  to  0.  72  g/cm*  and 
0.  36  to  0.  72  g/cm1 ,  respectively. 


DENSITY,  TEMPERATURE  AND  THE  UNCONFINED 
COMPRESSIVE  STRENGTH  OF  POLAR  SNOW 


by 

Austin  Kovacs 
INTRODUCTION 

A  number  of  methods  have  been  presented  for  determining  the  unconfined 
compressive  strength  of  polar  snow  when  density  and  temperature  are  known. 
Of  particular  interest  to  these  concerned  with  snow's  resistance  to  pile  driving 
are  the  methods  devised  by  Ballard  and  Feldt  (1965),  Ballard  and  McGaw 
(1965),  Butkovich  (1956),  Mellor  and  J.  H.  Smith  (19o6)  and  J.  L.  Smith  (1965). 
The  unconfined  compressive  strengths  obtained  by  these  methods,  however, 
wo'c  fc -nd  to  deviate  considerably  from  one  another  with  both  density  and 
temperature. 

This  report  covers  a  study  made  to  determine  why  the  anomalies  exist. 
Where  possiwie,  inconsistencies  m  test  procedures  and  data  anal/sis  used  to 
develop  existing  ur.confined  compressive  strength  formulas  are  pointed  out. 
Two  equations  for  determining  the  unconfined  compressive  strength  of  snow 
are  proposed.  The  formulas  take  into  consideration  the  decided  changes  in 
slope  of  the  Young's  and  shear  modulus  curves  at  a  density  of  0.  5  g/cm1  for 
Greenland  snow.  The  slope  changes  signify  that  at  this  density  a  structural 
and,  therefore,  a  strength  change  occur.  Analysis  of  existing  test  data  indi¬ 
cates  this  reasoning  to  be  valid. 


EXISTING  METHODS  FOR  DETERMINING  THE  UNCONFINED 
COMPRESSIVE  STRENGTH  OF  SNOW 

From  a  comparison  of  horizontal  snow  samples  tested  at  Site  II,  Green¬ 
land,  Butkovich  (1956)  developed  an  empirical  relationship  between  unconfined 
compressive  strength  and  density  for  snow  at  -10C: 

tc  *  1418  (y  -  0.39)  (1) 


where: 


<rc  =  unconfined  compressive  strength,  psi 
y  *  snow  density,  g/cm*. 

Butkovich  broke  his  samples  with  a  Carver  hand-actuated  hydraulic  press. 
This  type  of  press  is  not  considered  ideal  for  unconfined  compression  testing 
because  it  produces  undesirable  pulsed  loading  and  head  speeds  with  each 
pump  of  the  hydraulic  jack.  The  speed  at  which  the  press  was  operated  is 
not  known  but  the  average  load  rate  was  reported  to  be  7.  5  psi  (0.  5  kg/cm*’ ) 
per  second.  Jellinek  (1957)  has  found  that  in  testing  the  tensile  strength  of 
ice  at  -4.  5C  the  magnitude  of  the  results  is  no  longer  dependent  on  the  loading 
rate  above  0.  5  kg/cm2  per  second.  It  cannot  be  assumed,  however,  that  the 
same  is  true  for  unconfined  compression  tests  performed  on  snow  at  -10C. 
Butkovich  (1958)  and  Mellor  and  J.H.  Smith  (1966)  have  shown  that  the  un¬ 
confined  compressive  strength  of  snow  is  dependent  upon  temperature  and 
load  rate.  The  load  rate  required  to  mask  the  plastic  effects  of  deformation 
is  in  turn  dependent  upon  the  temperature  and  density  of  the  snow.  There¬ 
fore,  it  cannot  be  assumed  that  the  strain  rate  for  these  tests  was  sufficient 
to  subject  the  samples  to  brittle  failure  over  the  entire  density  range. 
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Butkovich's  «ample«  consisted  of  cores  3  in.  (7.  62  cm)  in  diameter  with 
a  length-to-diameter  ratio  of  2.2  to  l.  This  ratio  was  perhaps  too  low  to 
eliminate  the  effect  of  end  constraint  (Butkovich,  1958). 

At  Camp  Century,  Greenland,  J.  L.  Smith  (1965)  found  a  relationship 
similar  to  Butkovich's  for  vertical  snow  samples  at  -IOC: 


9  *  1542  (y  -  0.40). 


U) 


A  constant-velocity  motorized  press  having  a  head  speed  of  1  in.  (2.  54  cm) 
per  minute  was  used  in  these  testa.  The  samples  were  uniformly  trimmed 
to  2.00  in.  (5.  08  cm)  in  diameter  with  a  special  shaver  and  had  a  length-to- 
diameter  ratio  of  2.  5  to  1. 

Ballard  and  McGaw  (1965)  presented  a  theory  that  attempted  to  explain 
snow  failure  or  unconfined  compressive  strength  at  any  temperature  in  terms 
of  the  crushing  strength  of  snow  ice*  and  the  porosity  of  snow  when  y  >  0.  46 
g/cm1 : 


**  * 


V1  "  tT, 


) 


(3) 


where: 


s-j  a  failure  strength,  psi 

9.  •  ultimate  strength  of  fine-grained,  randomly  oriented 

polycrystalline  ice,  psi 

n  *  volumetric  porosity  of  the  given  snow  density 

n  ■  limiting  porosity,  i.  e.  volumetric  porosity  at  wh  ich 
L  9{  is  zero  (extrapolated). 

Ballard  and  Feldt  (1965)  calculated  the  effective  poros’ty  (nj)f  as  a 
function  of  porosity  over  the  entire  porosity  range  and  developed  the  following 
equation: 

•2(n/l-n) 


*  9i  e 


(4) 


Mellor  and  J.  H.  Smith  (1966)  presented  an  unconfined  compressive 
strength  equation  for  snow  based  upon  the  crushing  strength  of  ice**  and  the 
void  ratio: 


rl  * 


-br* 


♦Snow  ice  in  this  report  refers  to  consolidated  snow  with  zero  permeability. 

f  The  effective  porosity  (n£)  is  defined  by  Ballard  and  Feldt  as  the  porosity  of 
the  snow  along  the  failure  surface.  Their  geometrical  considerations  show 
n^  to  be  approximately  twice  n. 

**Mellor  and  J.H.  Smith  suggest  using  the  strength  of  clear  lake  ice  for  s^ 
as  they  believe  this  would  represent  an  optimum  value  for  snow  ice  at  a 
density  of  0. 917  g/cm*. 
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where: 


b  -  a  dimensionless  constant 


r  =  void  ratio  of  the  snow. 

To  develop  this  equation  Mellor  and  J.  H.  Smith  tested  samples  prepared 
from  snow  ground  through  a  1-mm  sieve.  The  snow  was  compacted  in  tubes 
(5.  72  cm  diam,  18. 9  cm  long)  and  allowed  to  sinter  for  approximately  3 
weeks  at  -IOC.  At  the  end  of  this  period  the  samples  were  exposed  to  the 
test  temperature  (0  to  -50C)  for  6  hours  before  being  broken.  The  samples 
were  crushed  under  a  motorized  press  with  a  head  speed  of  3.64  in.  (9.25 
cm)  or  5.  77  in.  (14.  65  cm)  per  minute. 


COMPARISON  OF  THE  FIVE  UNCONFINED  COMPRESSIVE 
STRENGTH  EQUATIONS  FOR  SNOW  AT  -IOC 


To  the  theoretical  expression  developed  by  Ballard  and  McGaw  (eq  3) 
the  limiting  porosity  and  ultimate  strength  of  snow  ice  have  to  be  determined. 
To  apply  this  equation  to  Camp  Century  snow  the  necessary  values  are  ob- 
taiiacu  from  Ute  experiment*.'  J,  L,.  Smith.  Fiuci  cq  2,  <rc*0ata 

density  of  0.  40  g/cm’  and  n^  becomes  1-1. 09y  *0.  564.  Assuming  a  density 
of  0.917  g/cm*  for  snow  ice  and  extrapolating  eg  to  «•{.  a  value  of  800  psi 
(56.  1  kg/cm2  )  is  obtained  from  eq  2. 

Since  the  Ballard  and  McGaw  (1965)  equation  is  a  straight  line,  the 
unconfined  compressive  strength  when  plotted  against  porosity  for  each  test 
temperature  results  in  a  family  of  straight  lines  which  pass  through  zero 
strength  at  the  limiting  porosity  and  maximum  strength  at  zero  porosity.  It 
should,  therefore,  be  obvious  that  using  800  psi  for  along  with  0.  564  for 
n^  in  eq  3  gives  strengths  directly  obtainable  from  the  simple  J.  L.  Smith 
equation.  Equation  1  {s  merely  a  method  for  expressing  any  linear  uncon¬ 
fined  compressive  strength  vs  density  relationship  in  terms  of  porosity. 

It  should  be  pointed  out  that  some  investigators  have  used  the  tempera¬ 
ture  dependence  of  clear  lake  ;ce  (Fig.  1)  to  obtain  ej  (Abele  et  al. ,  1966; 
Ramseier,  1966).  There  is  no  justification  for  doing  this  unless~lt  is  desired 
to  obtain  <rc  values  which  are  low  and,  therefore,  provide  a  factor  of  safety 
for  engineering  purposes. 

The  exponential  parameters  of  eq  5  can  be  changed  to  coincide  with  those 
of  eq  4.  The  constant  b  in  eq  5  has  been  tentatively  interpreted  as  an  index 
of  grain  structure.  Using  J.  L.  Smith's  test  results  and  eq  5,  Mellor  found 
b  to  be  1.8  for  Camp  Century  snow.  With  the  void  ratio  being  directly 
related  to  porosity  (r  =  n/l-n)  and  the  constant  b  known,  eq  5  can  be  ex¬ 
pressed  as  follows: 


=  eje 


- 1 . 8(n/ 1  -n)2 


A  graphic  comparison  relating  unconfined  compressive  strength  vs 
density  as  derived  from  all  the  equations  is  presented  in  Figure  2.  To  show 
the  effect  of  using  e*  for  lake  ice  (700  psi  or  49.  2  kg/cm*  at  -10C)  upon  the 
unconfined  compressive  strength  vs  density  relationship,  this  value  is  used 
in  eo  3  and  4  for  the  related  curves  in  Figure  2.  Equation  4  is  also  graph¬ 
ically  shown  when  an  ultimate  strength  of  80C  psi  (56. 1  kg /cm1)  is  used  for 
as  extrapolated  from  eq  2. 


UNCON  FINED  COMPRESSIVE  STRENGTH 
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Figure  1.  Unconfined  compressive  strength 
vs  temperature  for  clear  lake  ice  (from  But- 
kovich,  1964). 


Figure  2.  Comparison  of  existing  unconfined  compressive  strength 
vs  density  relationships  for  polar  snow  at  -  IOC. 
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From  an  inspection  of  Figure  2,  it  is  apparent  that  considerable  dis* 
crepancy  exists  between  the  strengths  obtained  from  tne  different  unconfined 
compressive  strength  vs  density  relationships  as  presently  used.  It  is 
believed  that  the  development  of  the  Mellor-J.H.  Smith  equation  could  have 
been  adversely  affected  by  the  snows  tested.  Although  sintered  particle  size 
might  have  been  comparable  to  that  of  polar  snow  of  similar  density,  the 
samples  might  not  have  adequately  represented  the  sintered  structure  or 
strength  of  natural  snows  of  comparable  density.  Meilor  recently  has  sug¬ 
gested  that  the  large  divergence  from  the  other  unconfined  compressive 
strength  values  was  due  to  the  temperature  and  strain  rate  at  which  his 
samples^were  broken.  The  strain  rate  was  apparently  below  that  necessary 
to  cause  brittle  failure  in  the  higher  temperature  snows.  If  this  did  occur, 
the  results  would  be  influenced  by  creep  effects  and  would  be  more  applicable 
to  snow  subjected  to  creep  failure  than  to  the  structural  collapse  of  snow 
associated  with  brittle  failure. 

The  difference  in  <r£  between  the  Ballard-McGaw  and  Ballard-Feldt 
curves  is  related  to  the  considerations  upon  which  their  equations  were  based 
and  the  different  values  of  o- ^  used. 

The  slight  disagreement  between  the  Butkovich  and  J.  L.  Smith  rectilin¬ 
ear  strength  vs  density  values  may  have  resulted  from  the  different  loading 
characteristics  of  the  test  apparatuses  and  the  different  length  to  diameter 
ratios  of  the  teit  samples.  Although  the  relationships  of  Butkovich  and 
Smith  are  useful  for  a  number  of  purposes,  they  do  not  adequately  relate 
unconfined  compressive  strength  to  snow  density.  This  is  especially  true  for 
snow  densities  in  the  pronounced  transition  range  between  low-density  o'pen- 
structured  snow  of  about  0.  10  g/cm1  and  high-density  snows  of  about  0.  52 
g/cm1  where  a  sintered  transition  (stable  bond  structure)  is  established 
within  thermally  stable  in-situ  snows  (Ramseier,  1963;  Gow,  1966). 

Although  previously  mentioned  test  inconsistencies  are  believed  to  have 
affected  the  test  results,  the  linearization  of  the  unconfined  compressive 
strength  vs  snow  density  relationship  into  a  single  equation  definitely  resulted 
in  less  agreement  in  the  correlation  of  unconfined  compressive  strength  and 
density.  To  show  this,  the  Butkovich  and  J.  L.  Smith  data  (Appendix  A, 

Tables  AI  and  All)  were  replotted  (Fi^.  3).  Unconfined  compressive  strengths 
obtained  at  temperatures  other  than  -  IOC  were  not  included  to  eliminate  any 
strength  error  associated  with  the  use  of  a  temperature  correction  factor. 

An  inspection  of  the  replotted  data  showed  a  decided  change  in  unconfined 
compressive  strength  vs  density  at  a  density  of  about  0.  50  g/cm* .  At  a 
similar  density,  changes  in  the  Young's  and  shear  modulus  curves  occur 
(Nakaya.  1959:  J.  L.  Smith,  1965).  This  indicates  a  structural  change  asso¬ 
ciated  with  the  transition  between  low-der.sity  open- structured  snow  and 
closely  packed  high-density  snow  in  which  a  sintered  transition  has  been 
established.  Another  indication  of  a  structural  change  existing  in  in-situ 
snow  at  a  density  of.0.  50  g/cm*  is  the  bend  in  the  P-wave  velocity  curve 
near  this  density  depth  at  Camp  Century  (Clark,  1966).  Because  this  density 
appears  to  represent  an  area  where  significant  changes  in  both  physical  and 
mechanical  measurements  occur,  it  is  tentatively  referred  to  as  the  "'transi- 
tion  density.  " 

Using  the  foregoing  observations  as  a  guide,  an  arithmetic  least  squares 
analysis  of  the  Butkovich  and  J.  L.  Smith  data  was  made  between  the  transi¬ 
tion  density  and  the  highest  test  density  of  0.  72  g/cm*.  An  analysis  of  the 
combined  data  in  this  density  range  was  also  made.  Because  of  insufficient 
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p*i  hg/tm* 


Figure  3.  Linear  relationships  of  unconfined  compressive 
strength  vs  density  for  data  of  Butkovich  and  J.  L.  Smith 
above  and  below  the  transition  density  of  0.  50  g/cmJ,  Snow 
temperature  -10C. 


r*bl*  X.  Statistical  data  related  to  curves  in  Tigure  I, 


Butkovich  J.  L.  Smtth  J  L.  Smith  and  Butkovich 

_ Symbols _ =  50  to  0.  bl  g/cw1  V -1-  •  SO  to  0,  7 1  g  'tm*  SO  to  0,  11  g/Cm*  y;Q  \b  to  O.  40  u'cn,1 

Slope  m,  pn/ti/cm1)  1.774  x  10*  I  841  a  10*  1719x10*  9  bib  *  !0f 


Intercept  a.  pn 

Std  error  of  eat  Sy<.  pat 

Simple  corr  coef  R 


■7.  514  x  10* 
l.  418  x  10 
0  912 


-8.  108  x  10* 
4.  e17  x  10 
0.874 


-  7.  .iSl  X  10 
i.  719  x  10 
0.9*5 


1.  494  x  ID1 
1. 9J9  x  10 
C.  907 
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test  data  between  the  transition  density  and  the  lowest  test  density  (0.  36  j 

g/cm’l  to  permit  the  establishment  of  individual  unconfined  compressive  j 

strength  vs  density  relationships,  only  a  combined  data  analysis  was  made.  | 

For  snow  in  the  0.  50  g/cm*  to  0.  72  g/cm*  density  range,  the  analyses  gave  } 

the  following  unconfined  compressive  strength  relationships:  j 

For  Butkovich's  data  (138  tests):  1 

i 


<r  *  1774  (y-  0.425).  (7)  I 

C  i 

For  J.  L.  Smith's  data  (54  tests): 

<rc  =  1843  (y-  0.440).  (8)  i 


For  the  combined  data  (192  tests): 

<r  =  1719  (y-  0.422). 
c 

The  35  tests  below  the  density  of  0.  50  g/cm1  rendered  an  unconfined 
compressive  strength  vs  density  relationship  of: 

i 

*•  *  962  (y -0.360).  (10) 

c  ' 

Immediately  appaient  from  Figure  3  is  the  reasonably  close  agreement 
between  the  rectilinear  curves  passing  through  he  combined  J.  L.  Smith 
and  Butkovich  data. 

J.  L.  Smith  (1965)  has  shown  that  plotting  the  Young’s  and  shear  moduli 
vs  density  results  in  a  rectilinear  curve  above  the  transition  density  of 
0.  50  g/cm1,  Below  this  density  the  curves  bow  toward  the  left,  intercepting 
the  x-axis  at  some  density  below  0.  30  g/cm1.  To  determine  whether  or  not 
the  Butkovich-J.  L.  Smith  test  results  would  fit  a  comparable  trend  with  good 
statistical  data  -  curve  correlation,  a  computer  evaluation  (Mock,  196o)  was 
made.  The  combined  data  were  fitted  with  arithmetic,  exponential,  power 
and  2nd-5th  degree  polynomial  regression  equations.  Statistically,  the 
following  3rd  degree  polynomial  regression  curve  fitted  the  data  best: 

<rc  =  988-6646y  +  13520y2  -  7235y*.  (11) 

This  equation  is  only  valid  for  natural  snow  between  the  densities  of  0.36 
and  0.72  g/cm1.  Above  or  below  this  range  the  formula  gives  erroneous 
unconfined  compressive  strengths. 

Equation  11,  along  with  the  previously  presented  linear  expressions  for 
the  combined  data  above  and  below  the  transition  density,  is  shown  graph¬ 
ically  in  Figure  4.  Here  it  is  seen  that  the  polynomial  not  only  becomes 
quasi-linear  above  the  density  of  0.  52  g/cm*  but  follows  the  linear  relation¬ 
ships  for  the  combined  data  above  the  transition  density. 
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Figure  4.  Linear  unconfined  compressive  strength 
vs  density  relationships  for  the  combined  Butkovich 
and  J.  L.  Smith  data  above  and  below  the  transition 
density  ofO.  50  g/cmJ  in  relation  to  the  polynomial 
relationship  for  the  entire  data  range.  Snow  tem¬ 
perature  -10C. 


Table  II.  Statistical  data  related  to  polynomial  curve  in  Figure  4. 

Butkovich  and  Smith  at 

_ Symbols _ ; _  -10C,  Y=0.  36  to  0.  72  g/cm1 


Slopes  m,  psi/(g/cm*) 

B, 

-6. 646  x 105 

B* 

1.  352  x  104 

B, 

-7.235  x  10J‘ 

Intercept  a,  psi 

9.883  x  10* 

Std  error  of  est  Sye>  psi 

3.492  x  10 

Multiple  corr  coef  R 


0.953 
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Figure  5.  Curve  trend  comparison  between 
equation  1  l's  unconfined  compressive  strength 
relationship  and  J.  L.  Smith's  dynamic  Young’s 
modulus  vs  density  relationship.  Snow  tern* 
perature  -IOC. 

In  Figure  5  the  curve  of  equation  11  is  shown  graphically  in  relation  to 
J.  L.  Smith's  dyna  :;.c  Young's  modulus  vs  density  curve.*  It  is  readily 
apparent  from  this  figure  that  the  unconfined  compressive  strength  and 
dynamic  Young's  modulus  vs  density  curves  do  assume  similar  trends. 
Finally  eq  1 1  is  graphically  i  hown  in  comparison  with  the  earlier  uncon¬ 
fined  compressive  strength  vs  density  relationships  in  Figure  6. 

If  eq  9  is  used  to  determine  unconfined  compressive  strengths  above  a 
density  of  0.  72  g/cm1 ,  an  ultimate  strength  for  snow  ice  of  850  psi  (59.  77 
kg/cm*  )  is  obtained: 

<rc  =  1719  (y  -  0.  422)  =  850  psi  when  y  =  0.917  g/cm*. 

This  is  150  psi  (10.65  kg /cm*  )  more  than  for  clear  lake  ice  at  -10C.  The 
value  may  nevertheless  represent  the  optimum  strength  of  snow  ice  (o-j) 
which  is  required  in  the  use  of  eq  3  and  4. 

*J.  L.  Smith's  dynamic  Voung's  and  shear  modulus  data  are  listed  in  Table 
AV  of  Appendix  A.  Statistically  it  was  found  that  a  3rd  degree  polynomial 
regression  equation  also  fitted  these  data  best.  See  Appendix  B  for  equa¬ 
tions  and  statistical  results.  Appendix  C  gives  the  linear  relationships 
between  the  unconfined  compressive  strength  of  polar  snow  and  its  dynamic 
Young's  and  shear  moduli  at  -10C  over  the  entire  »  range. 
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Figure  6.  Comparison  of  the  inconfined  compressive  strength  vs 
density  relationship  of  eq  11  with  earlier  relationships.  Snow  tem¬ 
perature  -10C. 


Using  850  psi  for  in  eq  4  results  in  the  unconfined  compressive 
strength  vs  density  relationship  shown  in  Figure  7.  When  this  strength  vs 
density  relationship  is  compared  with  that  of  the  polynomial  curve  of  eq  11 
in  the  same  figure,  it  is  apparent  that  a  considerable  lack  of  agreement 
still  exists  between  the  theorized  and  the  empirical  expressions  in  the  low- 
density  range. 
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Figure  7.  Comparison  between  the  Ballard-Feldt  and 
eq  1 1  unconfined  compressive  strength  vs  density  rela¬ 
tionships.  Snow  temperature  -IOC. 


TEMPERATURE  CORRECTION  FACTORS 

The  Ballard-Feldt,  Ballard-McGaw  and  Mellor-J.H.  Smith  equations 
give  unconfined  compressive  strength  directly  in  terms  of  the  associated 
snow  temperature.  To  relate  strength  values  obtained  from  the  formulas 
of  Butkovich,  J.  L.  Smith,  Ballard-McGaw  (modified)  or  the  author  to  a 
temperature  other  than  -IOC,  a  temperature  correction  must  be  made. 
Bender  (1957)  gives  an  empirical  relationship  between  unconfined  compres¬ 
sive  strength  and  temperature: 

log  ZL  s  o.  16  log  (12) 

where: 

*1  *  unconfined  compressive  strength  at  temp  g( 

«n  =  unconfined  compressive  strength  at  temp  g2. 
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Meilor  and  J.H.  Smith  also  show  unconfined  compreaaive  atrength  as 
a  function  of  temperature.  Their  equation  gives  unconfined  compressive 
strength  at  any  temperature  as  related  to  >100: 


1.  73  e 


4. 76/ e 


where: 


(13) 


e0  =  unconfined  compressive  atrength  at  0  =  OC. 

The  curve  of  the  Meilor  and  J.H.  Smith  equation  was  found  to  be  incon¬ 
sistent  with  the  above  equation  (e0  /e., .  #  0.41  as  they  indicate  but  is 
-0.  075  when  =  <r.,0).  Meilor  has.  tnerefore.  suggested  using  the  curve 
(Fig.  8)  in  preference  to  the  equation. 

If  polar  snows  are  structurally  similar,  the  straight-line  portion  of 
their  undonfined  compressive  strength  vs  density  relationships  should,  if 
extended  to  the  abscissa,  pass  through  a  "common  intercept  density. "  This 
would  be  true  regardless  of  temperature  and  test,  provided  the  test  sub¬ 
jected  the  specimens  to  similar  structural  failures,  e.  g.  failure  occurring 
through  brittle  fracture. 

Comparison  of  the  intercept  of  the  extended  unconfined  compressive 
strength  vs  density  relationship  for  vertically  sampled  South  Pole  snow  wi:h 
that  of  eq  9  showed  that  the  two  polar  snows  do  indeed  share  a  qua  si -common 
intercept  density  (Fig.  9).  Their  intercepts  are  0.  414  and  0.  422  g/cm3 
respectively  for  a  mean  of  0.  418  g/cm*.  The  South  Pole  samples  were 
broken  at  -49.  4C.  or  39.  4C  lower  than  the  samples  used  to  develop  eq  9. 

The  difference  between  the  slope  of  the  curve  passing  through  the  South  Pole 
data  [2562  psi/(g/cm* )]  and  that  of  eq  9  [1719  psi/(g/cm*  )J  is  843  psi/ 
(g/cm1).  Dividing  the  change  in  the  strength  slopes  by  the  difference  in 
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Page  13:  The  units  for  slope,  intercept  and  standard  error  of  estimate 
in  Table  III  should  read  kg  cm/’g,  kg/cm*  and  kg/cm*  respectively  for 
Ramseier's  data  and  dynes  cm/g,  dynes/cm1  and  dynes/cm*  respectively 
for  J.  L.  Smith's  data. 
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Figure  9.  Intercept  density  relationship  between  the  extended 
straight-line  portions  of  different  tests. 
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temperature  results  in  a  constant  for  the  change  in  the  strength  line  slope 
(M)  of  *>21  psi/(g/cmJ )  for  each  degree  C. 

Equation  9  can,  therefore,  be  modified  to  account  for  unconfined  com¬ 
pressive  strengths  at  any  temperature  below  -IOC  as  follows: 

<rc  =  (1719  +  C)  (y  -  0.422)  (14) 

where: 

C  =  AT  x  M  =  change  in  strength  line  slope  with  temperature 
AT  =  change  in  temperature  below  -10C. 


UNCONFINED  COMPRESSIVE  STRENGTH  OF  POLAR  SNOW 
VS  DEPTH-DENSITY  AND  TEMPERATURE 

From  depth-density  and  temperature  profiles  taken  at  Camp  Century, 
the  related  snow  density  and  temperature  per  foot  were  obtained  (Table  IV). 
With  these  data,  the  unconfined  compressive  strengths  vs  depth  were  cal¬ 
culated  using  the  methods  previously  discussed.  The  calculated  strengths 
from  the  equations  of  Butkovich  (eq  1),  Ballard-Feldt  (eq  4)  and  the  author 
(eq  9)  were  temperature-corrected  to  the  in-situ  temperature  using  the 
Bender  formula  (eq  12).  For  these  calculations,  <rj  in  eq  4  is  850  psi  as 
extrapolated  from  eq  9.  Strengths  calculated  using  the  J.  L.  Smith  equation 
(eq  2)  were  temperature-corrected  using  both  the  Bender  and  Mellor-J.H. 
Smith  (eq  13)  methods.  For  comparative  purposes,  the  Ballard-Feldt  (eq  4) 
and  Ballard-McGaw  (eq  3)  equations  were  used  with  Butkovich's  temperature 
related  strengths  of  lake  ice  (Fig.  1)  for  o-j.  For  nL  in  eq  3,  a  value  of 
0.  561  after  J.  L.  Smith  was  used.  A  higher  obtained  by  extrapolating  one 
of  the  other  cc  equations  to  a  density  of  0.917  g/cmJ  was  not  used  in  eq  3 
for  reasons  previously  discussed.  All  calculations  are  listed  in  Table  IV 
and  shown  graphically  in  Figures  10  and  11. 

An  inspection  of  the  unconfined  compressive  strength  curves  in  Figure 
10  shows  that  the  Ballard-Feldt  equation  (eq  4)  gives  the  lowest  strength 
values  when  the  temperature  related  strength  of  lake  ice  is  used  for  <rj. 

When  the  same  equation  is  used  with  the  ultimate  strength  of  snow  ice  ex¬ 
trapolated  from  eq  9,  and  temperature-corrected  after  Bender's  formula, 

<rc  values  comparable  to  those  of  the  Butkovich  equation  (eq  2)  temperature- 
corrected  after  Bender  are  obtained.  The  Ballard-McGaw  equation  (eq  3) 
using  Butkovich's  temperature-related  strength  of  lake  ice  for  ej  closely 
parallels  the  J.  L.  Smith  (eq  2)  values  temperature-corrected  after  3ender 
(eq  12).  By  comparing  the  calculations  in  Table  IV,  it  is  found  that  the  two 
curves  are  within  a  constant  2 3±  3  psi  (1.62  ±  C.21  kg/cm2  )  of  one  another. 
When  the  Bender  equation  is  not  used  to  correct  <rc  strengths  formulated  by 
the  J.  L.  Smith  equation,  the  parallelism  does  not  exist.  This  is  apparent 
in  Figure  2  where  no  temperature  correction  is  necessary  at  -10C  and  in 
Figure  10  for  the  strength  curve  corrected  by  the  Mellor-J.H.  Smith 
method  (eq  13).  In  addition,  as  is  readily  apparent  in  Figure  10,  the  high 
values  are  again  obtained  using  Mellor's  strength  equation  (eq  5). 
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Figure  10.  Relationship  between  values  obtained  from 
the  different  unconfined  compressive  strength  equations 
when  they  are  used  to  determine  strengths  from  depth- 
density  and  temperature  profiles.  The  name  of  the  in¬ 
vestigator  who  developed  the  equation  is  shown  in  cap¬ 
ital  letters;  other  names  indicate  type  of  temperature 
correction  used. 
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Figure  11.  Comparison  between  the  val¬ 
ues  obtained  from  eq  9,  temperature- 
corre'-ted  after  Bender  (eq  12),  and  from 
eq  14  when  they  are  used  to  determine  the 
unconfined  compressive  streng.h  of  polar 
snow  from  depth-density  and  temperature 
profiles. 


DENSITY,  TEMPERATURE  AND  STRENGTH  OF  POLAR  SNOW  IT 

Because  of  space  limitation,  <rc  values  obtained  using  eq  14  are  not 
plotted  in  Figure  10.  They  are  instead  presented  in  Figure  11  along  with 
eq  9  strength  values  temperature-corrected  after  Bender  (eq  12).  See 
Kovacs-  Bender  curve.  Figure  10.  In  Table  IV  it  is  seen  that  at  a  density 
of  0.  520  g/cm1  and  temperature  of  -14C  the  two  strength  curves  converge. 
At  a  density  of  0.  615  g/cm1  and  a  temperature  of  -24. 4C  they  are  7  psi 
(0.49  kg/cm1  )  apart.  This  results  from  the  fact  that  the  Bender  tempera¬ 
ture  correction  is  not  a  constant  but  decreases  with  decreasing  temperature. 
Nevertheless  the  agreement  between  the  two  temperature-corrected! 
values  is  exceedingly  good. 


DISCUSSION 

It  is  not  surprising  to  find  empirical  unconfined  compressive  strength 
vs  density  relationships  in  disagreement  when  one  considers  that  no  stand¬ 
ard  test  procedure  exists.  Mellor-J.H.  Smith  (1966)  and  Yosida  ct  al. 

(1955)  have  shown  the  effect  of  strain  rate  and  temperature  upon  unconfined 
strength.  Butkovich  (1956)  points  out  the  effects  of  end  constraint  (when  the 
sample  diameter-to-length  ratio  becomes  too  small)  and  shape  upon  crushing 
strength  values.  Wuori  (1966)  mentions  the  increased  strength  values  and 
scatter  associated  with  improper  press-sample  interface  surfaces,  i.  e. 
using  a  nonlubricated  interface.  He  also  points  out  the  problem  of  resiliency 
in  the  testing  machine  which  permits  absorption  of  energy  which  is  later 
released  rapidly  when  sample  failure  is  initiated.  The  applied  stress  is, 
therefore,  quasi-dynamically  applied  and  the  sample  fails  at  a  lower  stress 
level  than  would  occur  under  stable  loading  conditions.  Unless  these  areas 
in  the  unconfined  compression  test  are  standardized,  better  agreement  be¬ 
tween  the  results  of  different  investigators  will  not  be  possible. 

There  are  strong  indications  that  all  polar  snows  of  comparable  density 
are  structurally  similar  (Ramseier,  1963;  Gow,  1966).  If  this  is  true,  the 
straight-line  portion  of  nondestructive  elastic  and  shear  modulus  and  de¬ 
structive  strength  vs  density  relationships,  if  extended  to  the  abscissa, 
should  join  at  a  "common  intercept  density. "  The  strength  difference  be¬ 
tween  similar  tests  would  be  directly  related  to  temperature.  The  closely 
related  intercept  densities  of  differen.  tests  performed  upon  oouth  Pole  and 
Greenland  snows,  shown  in  Figure  9,  tend  to  support  this  conclusion.  (See 
Appendix  A  for  associated  test  data.)  With  the  establishment  of  standard 
destructive  test  procedures  which  insure  sample  failure  through  brittle 
fracture,  test  results  will  become  more  comparable  and  the  pin  pointing  of 
the  "common  intercept  density"  related  to  all  polar  snows  will  be  possible. 

To  avoid  the  possible  unfavorable  effect  of  using  a  temperature  correc¬ 
tion  factor,  only  strength  data  obtained  at  -10C  were  used  to  develop  eq  9 
and  11.  Although  eq  9  represents  the  unconfined  compressive  strength  of 
natural  snow  in  the  0.  50  to  0.  72  g/cm1  density  range  of  the  data,  it  may 
accurately  express  strengths  for  higher  density  snow  and  snow  ice.  For 
snow  ice  above  a  density  of  0.  83  g/cm1  the  equation  gives  e  strengths 
higher  than  tests  performed  on  clear  lake  ice  indicate.  Ballkrd  and  Feldt  * 
(1965)  point  out  that  because  the  resistance  along  the  plane  of  failure  migra¬ 
tion  in  clear  lake  ice  is  lower  than  through  snow  ice,  rc  values  for  snow  ice 
can  be  expected  to  be  higher  than  those  for  clear  ice.  It  therefore  seems 
unrealistic  to  set  the  strength  of  clear  lake  ice  as  an  ultimate  for  snow 
ice  as  Mellor  and  J.  H.  Smith  do  or  to  use  the  temperature  related  o-j 
strength  of  clear  lake  ice  for  that  of  snow  ice  in  eq  3  and  4  as  some  inves¬ 
tigators  (Abele  £t  al. ,  1966;  Ramseier,  1966)  have  done. 
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The  Meilor-J.H.  Smith  unconfined  compressive  strength  equation  (eq  5) 
has  been  shown  to  give  values  in  considerable  disagreement  with  other  em¬ 
pirical  relationships.  The  same  is  true  for  their  temperature-correction 
equation  (eq  13).  It  is  believed  that  this  discrepancy  is  related  to  the  labora¬ 
tory-prepared  snow  tested  and  the  speed  at  which  the  samples  in  the  higher 
temperature  range  were  broken. 

No  advantage  can  be  seen  in  using  the  Ballard  and  McGaw  equation 
(eq  3)  rather  than  linear  unconfined  compressive  strength  vs  density  rela¬ 
tionships.  Equation  3  requires  the  extrapolation  of  values  from  experimental 
results,  which  are  used  simply  to  express  the  <rc  vs  density  relationship  in 
terms  of  porosity.  The  additional  computations  needed  to  obtain  results  di¬ 
rectly  obtainable  from  the  simpler  equation  for  the  same  line  do  not  seem 
justified. 

The  Ballard  and  Feldt  equation  (eq  4)  must  also  use  for  aj  a  value  ex¬ 
trapolated  from  an  empirical  relationship.  When  eq  4  is  compared  with 
eq  1 1  in  Figure  7,  it  is  seen  that  good  agreement  exists  between  the  two 
equations  above  the  "transition  density.  "  Below  this  density  eq  4  gives 
values  which  are  higher  than  experimental  results  presently  indicate.  This 
is  particularly  true  for  snow  with  a  density  of  less  than  0.  30  g/cm*  in  which 
a  completely  unstable  structure  exists.  It  is,  therefore,  recommended  that 
eq  4  not  be  used  to  obtain  unconfined  compressive  strengths  below  the  "tran¬ 
sition  density"  until  new  test  data  indicate  that  such  strengths  actually  exist. 


CONCLUSIONS 

Equation  9  as  modified  to  eq  14  is  a  most  simple  method  for  determining 
the  unconfined  compressive  strength  of  natural  snow  at  any  temperature  be¬ 
low  -10C.  The  equation  has  been  shown  to  be  in  good  agreement  wi  'i  test 
results  for  snow  above  the  "transition  density"  of  0.  50  g/cmJ  and  its  tem¬ 
perature  correction  factor  has  been  shown  to  be  in  excellent  agreement  with 
Bender's  (eq  12). 

The  unconfined  compressive  strength  vs  density  trend  established  by 
eq  11  for  0.  36  to  0.  72  g/cmJ  density  snow  has  been  found  to  agree  with 
both  physical  and  mechanical  properties  of  polar  snow.  Because  the  equation 
also  fits  the  strength  data  with  a  high  multiple  correlation  coefficient  of  0.  95 
and  standard  error  of  estimate  of  35,  it  seems  to  provide  a  more  realistic 
unconfined  compressive  strength  vs  density  relationship  for  snow  in  the  low 
density  range  than  the  earlier  methods  discussed. 
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APPENDIX  A.  TEST  DATA 


T*kl#  Al.  Butkovich's  wWMftnt#  com|r«Mt«t  strength  data  at  -IOC. 


Mean* 

density 

U/cm*l 

Maa 

---  (*»o 

Cra.M*.  nmdh 

Min  Mean 

_ _ (p«0 _  _ (p«0 

Maa* 

tkmJ  cmJl 

0.  >41 

245.  T 

217. 1 

2)2.4 

14.  15 

0.  4*7 

•5.2 

52.  9 

48.2 

4.80 

0.  *.0* 

140.4 

114.  1 

125.0 

8.80 

o.4  n 

112.2 

75.  1 

94.4 

4.78  . 

0.516 

174.4 

157.4 

144.  7 

11.  58 

0.444 

111.8 

105.  1 

117.4 

8.  28 

0.510 

207.  1 

144.  7 

181.2 

12.88 

0.  517 

207.  1 

191.  1 

201.4 

14.  15 

0.  564 

288.  1 

274.  1 

274.9 

19.45 

0.9)2 

191.  7 

144.  7 

174.7 

12.29 

0.510 

215.  7 

191. 1 

220. 1 

14.21 

0.  528 

207.  1 

144.  1 

181.2 

12.91 

0.558 

244.  4 

207. 1 

215.7 

14.55 

0.W7 

180.  1 

1)1.5 

144.  I 

11.48 

0.  540 

201.  1 

1)9.2 

178.9 

12.59 

0.  571 

299.6 

217.) 

248.  5 

17.  50 

0.  542 

245.  8 

207.  1 

2)8.5 

14.80 

0.  587 

11.7 

294.8 

101.9 

29. 15 

0.  544 

252.8 

224.4 

214.4 

19.  14 

0.  580 

140.  8 

105.  ) 

128.0 

24. 84 

0.  541 

144.  1 

248.5 

101.9 

21.15 

0.  578 

275.  5 

188.9 

240.0 

14. 85 

0.  544 

105.  l 

2)4.  5 

274.  1 

19.  10 

0.  584 

105.  1 

247.0 

288.1 

20.  15 

0.  544 

241.  1 

187.4 

222.9 

14.67 

0.414 

177.  7 

114.5 

147.4 

24.45 

*  Mean  of  si*  teat*. 

'Density 
(it  cm*) 

Table  AU.  J.  L. 

Crushing  strength 
(pat)  O^/cm*) 

Smith’s  unconfined  compressive  strength 

Density  Crushing  strength  Density 
If/ cm/)  (p«j)  (kg/ cm1) (a'*-™') 

data  at  -10C. 

Crushing  strength 
(j.l)  (k,/cm*) 

0.  16 

22.  1 

1.57 

0.S5 

227.  1 

15.  98 

0.68 

129.  5 

2).  17 

0.  17 

50.  7 

1.57 

0.  S6 

200.  0 

14.05 

0.  66 

508.  6 

15.  79 

0.  18 

27.  6 

1. 94 

0.  55 

172.  I 

12.  10 

0.  72 

487.  0 

14.25 

0.40 

15.2 

1.05 

0.  56 

259.  7 

18.25 

0.68 

574.7 

40.  41 

0.  >8 

7.  1 

0.  50 

0.  56 

165.  6 

1  J.  54 

0.  7 1 

551.9 

18.81 

0.  18 

7.  1 

0.  51 

0.  56 

168.  8 

11.96 

0.67 

444.8 

11.28 

0.40 

7.  1 

0.  50 

0.  64 

259.7 

18.25 

0.66 

412.) 

28.  99 

0.  17 

11.6 

0.82 

0.61 

11 1.0 

22.01 

0.65 

451.  ) 

11.74 

0.41 

8.  8 

0.  62 

0.  52 

161.6 

25.  55 

0.66 

192.  8 

27.  62 

0.  17 

16.7 

1.  17 

0.  6) 

124.7 

22.83 

0.  69 

150.6 

24.  66 

0.  50 

144.4 

10.  15 

0.  61 

445.0 

11.29 

0.  70 

409.  1 

28.  77 

0.  50 

1)9.  6 

9.  81 

0.  67 

454.  5 

11.96 

0.  69 

461. 1 

12.4) 

0.  49 

12).  4 

8.40 

0.  67 

425.  ) 

29.91 

0.68 

175.  0 

26.  17 

0.49 

1  19.  6 

9.81 

0.  68 

186.4 

27.17 

0.  70 

)70.  1 

26.  0) 

0.48 

1)8.0 

9.7) 

0.  66 

175.  0 

26.  )? 

0.70 

571.4 

40.  18 

0.49 

1  16.  4 

9.  60 

0.  6) 

127.9 

23.06 

0.  70 

470.8 

1).  11 

o.  so 

149.  ) 

10.  50 

0.64 

160.4 

25.  14 

0.  68 

465.9 

12.76 

0.  49 

121.4 

8.  70 

66 

405.  8 

28.  54 

0.65 

405.8 

28.54 

0.  49 

1  16.  4 

9.  60 

0.71 

574.  7 

40.  41 

0.64 

506.  5 

15.  62 

0.48 

116.  9 

8.24 

0.  68 

452.9 

11. 85 

0.68 

512.5 

17.45 

0.  56 

246.  7 

17.  IS 

0.  64 

347.4 

24.41 

0.64 

227.  1 

15.  98 

0.55 

172.  I 

12.  10 

0.65 

402.  6 

28.  11 

0.64 

171.4 

26.26 

0.67 

189.  6 

27.  40 

0  6) 

124.7 

22.8) 

0.71 

575.  0 

40.44 

0.  62 

274.7 

19.  12 

0.  61 

276.  0 

19.41 

Table  A 01. 

ButkovicVa  ring  tenaile  strength  at  -10C, 

Sit-  II. 

Mean* 

Ring  tensiU 

t  strength 

density 

Mas 

Min 

Mean 

Mean 

fl/cm*) 

(p*0 

(P«i) 

(p»>) 

(k,/cm^ 

0.  541 

110.0 

65.0 

89.4 

6.3 

0.  575 

145.  0 

99.0 

124.4 

8.7 

0.  61  1 

260.0 

126.  0 

160.2 

11.3 

0.  648 

227.  0 

ITS.  0 

199.2 

14.0 

0.  661 

272.0 

149.  0 

201.2 

14.  I 

0.  681 

268.0 

194.0 

22).  0 

15.  7 

0.  695 

272.  0 

216.0 

2)8.0 

I*.  7 

0.716 

292.  0 

210.0 

250.  5 

IT.  6 

\ 


•  Mean  of  10  teata, 
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APPENDIX  A 


TikU  A1V.  K«mifu>r'i  itnr9fl(.n«4  csmprtttlvt  Mitmth  <M«*  K  -44.  4C,  Smart)  Wf. 


Dmlty 

(i/tm'l 

CruiMft 

) 

g  strength 
fkl/cm1) 

Dvnaity 

fi/cm1} 

Cruahing  atraugtli 
_  Ul/cm'l 

DM.nr 

Crushing  atraugdi 

(xO _ Ittissfl 

0.4T0 

4  -  -  ■  4 

ft,  5 

0.  570 

440.4 

1».  4 

0.414 

411.7 

41.1 

0.471 

114.  ) 

7.4 

0.544 

165.5 

14.7 

0.640 

577.  J 

40.4 

0.  474 

45.  ) 

*.» 

0.  »7I 

447.0 

SI.  5 

0.610 

415.7 

41.5 

0.401 

114.4 

0.4 

0.570 

474.4 

11.7 

0.640 

464.  1 

14.6 

0.444 

144.4 

I),  a 

0.  540 

110.5 

44.4 

0.444 

5)1.) 

J7.5 

0.440 

104.  ) 

i ).  i 

0,  507 

4)4. 1 

)0. 4 

0.417 

444.4 

12.  ft 

0.441 

174.4 

14.  1 

0.  500 

407.  7 

14.  ) 

0.444 

544.4 

41. ft 

0.  *0! 

154.4 

1 0.  T 

0.504 

450.  ft 

11.7 

0.417 

447.  ft 

11.5 

0.500 

447,4 

10.0 

0.  504 

517.4 

14.4 

0.4)0 

4ft7.  7 

14.  1 

0.  411 

470.  7 

14.4 

0.  540 

4T0.  7 

11.1 

0. 444 

514.1 

14.) 

0.  504 

441.4 

10.4 

0.400 

410.6 

41.5 

0.417 

400.  7 

12.  4 

0.417 

111. 5 

40.4 

0.544 

446.  1 

54.4 

0.  440 

5)6.  1 

17.7 

0.  510 

440.  0 

i*.  4 

0.  544 

441.0 

)0.l 

0.647 

541.2 

)0.  2 

0.  5*? 

454.0 

10.0 

0.  54) 

4)0.  0 

10.0 

0.  417 

600.  1 

41.1 

0.  544 

440.  1 

40.4 

0.40) 

4)0.0 

10.  ft 

0.6)1 

5)4.1 

17.7 

0.51) 

JIT.  1 

44.  1 

0.  400 

540.4 

10.0 

0. 614 

571.4 

40.1 

0.  510 

141.7 

44.1 

0.411 

460.7 

11.4 

0.444 

55ft.  ft 

14.) 

0.  540 

>41.  T 

44.  1 

0.  407 

454.4 

11. ft 

0.440 

6!  ft.  6 

41.5 

0.5)4 

144.  1 

44.4 

0.  607 

445.  1 

11.) 

0.440 

504.2 

15.4 

0.  547 

105.4 

47.  1 

0.60) 

417.4 

17.  1 

0.444 

446.  ) 

>4.1 

0.  547 

140.4 

44.  5 

0.414 

500.  5 

15.4 

0.444 

52).  1 

14.0 

0.554 

151.4 

14.? 

0.41) 

441.4 

II. f 

0.  447 

550.  ) 

J*.  7 

0.557 

149.  4 

41.4 

0.  404 

540.4 

1*.0 

0.447 

544.4 

41. ft 

0.554 

400.  1 

40.7 

0.414 

547.4 

14.  t 

0.444 

444.1 

40.  J 

0.  554 

>»i> 

44.4 

0.410 

57).  1 

40.) 

0.446 

6)2.  ft 

44.5 

0.544 

474.4 

JJ.7 

0.41ft 

577.  J 

40.4 

•  Vertical  aamplta 


TabU  AV.  J.  L.  Smith1*  dynamk  Young**  and  tbaar  m*d*l)  at  -IOC. 


Dvnaity  Sonic  wav*  velocity  (£t/**c)  fclsatic  coaaiaata  (dynaa/cm*) 

(!/»»■) _ £l _ Cs  Cn _ E _ c _ 


0.  )4 

1)50 

1728 

1501 

2.4ft  «  104 

1.01  x  10* 

0.41 

16)6 

2127 

194) 

4.19 

1.69 

0.425 

1865 

2480 

2251 

9.41 

2.4) 

0.  44 

4)05 

2406 

2247 

6. 40 

2.57 

0.  44 

576) 

1215 

2950 

1 .21  *  10* 

4.75 

0.500 

5)70 

)S60 

1200 

1.14 

6.  09 

0.  52 

6)54 

1567 

1280 

1.57 

6.19 

0.551 

7)00 

4150 

1800 

2.22 

O.ftO 

0.  56 

7120 

)740 

1470 

1.94 

7.44 

0.  56 

706) 

1706 

1689 

2.12 

ft.  42 

0.57 

7)07 

40)9 

17)2 

2.24 

ft.  74 

0.50 

7642 

4111 

1004 

2.14 

9.2) 

0.  60 

0261 

41)5 

1470 

2.  7) 

1.04  x  10* 

0.615 

0082 

4660 

4)10 

1.1) 

1.2ft 

0.617 

0100 

4610 

4260 

1.0ft 

1.22 

0.62 

8441 

40)5 

4442 

1.51 

1.  )6 

0.  668 

4100 

5250 

4810 

1.94 

1.60 

0.  68) 

8820 

5020 

4650 

4. 09 

1.61 

0.  725 

9475 

5)10 

4020 

4.09 

1.85 

0.  720 

101 00 

5500 

5100 

9. 12 

2.06 

0.  7)5 

*00!  ? 

5050 

46)0 

4.45 

1.66 

0,  744 

100)0 

5)60 

4440 

5.24 

2.02 

0.756 

10570 

5410 

9000 

9.4ft 

2.00 

0.774 

10640 

5500 

5050 

5.75 

2.10 

0.  740 

10440 

5440 

5070 

5. 06 

2.20 

0.8)4 

11500 

5690 

5220 

6. 67 

2.44 

0.060 

11650 

5750 

5290 

7.0ft 

2.44 

0.  844 

11900 

5000 

9)10 

7.4) 

2.75 

0. 044 

11700 

5740 

5)10 

7.45 

2.7ft 

0.414 

12400 

5050 

5190 

7.44 

2.42 

Not*:  C L  *  longitudinal  w*v*  velocity. 

Cs  *  •h*ar  wav*  velocity, 

Cg  5  lUyUtgfc  wav*  velocity. 


t  *  dynamic  Young**  moduli. 


G  *  dynamic  ah*ar  moduli. 
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APPENDIX  B:  STATISTICAL  DATA  FOR  POLYNOMIAL  EXPRESSIONS 
FITTING  J.  L.  SMITH'S  DYNAMIC  YOUNG'S  AND  SHEAR  MODULUS  DATA 


Symbols 


J.L.  Smith's 
E  _  G 


Slopes  m,  dynes  cm/g  Bt 

B, 

B, 


3.158  x  10 
6.856  x  10 
3.228  x  10 


1.209  x  10 
2.711  x  10 
1.338  x  10 


Intercept  a,  dynes /cm2 

Std.  error  of  est.  Sy#,  dynes/cm2 

Multiple  correlation  coef.  R 


4.038 

1.943  x  10-» 
0.99? 


1.481 

8.288  x  10*2 
0. 996 


Polynomials:  (for  y  =  0.390  to  0.914  g/cm*) 

E  =  4.03  -  31.58y  ♦  68.  56y*  -  32.28t* 
G  *  1.48  -  12.09T  ♦  27.  Uy2  -  I3.38y» 
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APPENDIX  C:  RELATIONSHIP  BETWEEN  THE  UNCONFINED  COM¬ 
PRESSIVE  STRENGTH  OF  POLAR  SNOW  AND  ITS  DYNAMIC  YOUNG'S 
AND  SHEAR  MODULI  AT  -IOC. 

Equations: 

9C  =  0. 000738  E  -  2. 009 
=  0.001977  C  -  10.838 

Statistical  Data  Related  to  the  Above  Equations 

Symbols  E  G 

Slope  m  7.38x10“*  1.977xl0“» 

Intercept  a,  psi  -2.01  -1.08  -x  10 

Std.  err.  of  est.  Sye>  psi  4.496  1.92  x  10 

Simple  corr.  coef.  R  1.000  0.998 
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